Aromatic systems like phenol, diphenol, cyano benzene, chloro benzene, aniline etc shows effective π-π stacking interactions, long range van der Waals forces; ion-π interactions etc. and these forces of interactions play an crucial role in the stability of stacked π-dimeric system. On the other hand, substituents and conformational change in the stacked dimmers of aromatic system may also change the stability of different stacked dimers. In this current study, stacked phenolic dimmers (both phenol and diphenol) have been taken for investigation of the stacking π-π interaction. But, the stacking interactions are also greatly affected by the conformational change with internal rotation (i.e. dihedral angle, φ) between the stacked dimers. It is generally accepted that larger basis sets are required for the highly accurate calculation of interaction energies for any stacked aromatic models. But, it has recently been reported that M062X/6-311++G(d,p) basis set is effectively better than that of B3LYP/6-311++G(d,p) for determining the interaction energies for any kind of long range interaction in aromatic systems. Therefore, all the calculations were carried out by using M062X/6-311++G(d,p) basis set. However, in most of the cases the calculated π-π stacking interaction energies show almost same result for both DFT and ab initio methods.
Introduction
Non covalent interactions in phenolic dimers refer π-π staking interaction, How to cite this paper: Ali, I., Sharma, S. like an electrostatic interaction, where a region of negative charge interacts with a positive charge, the electron rich π-system can interact with a metal (cationic or neutral) or an anion with π-system [1] [2] [3] . This interaction is very useful in self-organisation and stabilization of aromatic molecules or any other π-systems [4] [5] [6] . However, phenolic systems are frequently associated by intermolecular H-bonding. The importance of the π-π stacking interaction has been repeatedly stressed in many fields of chemistry and structural biology [7] [8] [9] . The best known example is the stacking interaction between Nucleic acid (AT and GC base pairs) in DNA/RNA chains, where H-bonds between the base pairs are responsible for the stability and conformational arrangement of nucleic acid chain [10] [11] [12] [13] . Computational and Theoretical techniques such as ab initio or DFT methods are widely used for the calculation of non-covalent interactions [14] [15] . Although, the gas phase calculations play a major role for determining the π-π stacking interactions but the solvent effect or polarity might change the stability of such stacked molecular systems [16] [17] [18] [19] [20] . In this current research work, we have performed a comprehensive study on the π-π stacking interaction energy of phenolic systems by using DFT methods.
During the last few years, there has been a significant progress in the method of calculating interaction energies in many aromatic complexes [21] [22] . It has been observed that in some cases the stacking stabilization energies computed by DFT method with extended basis sets is over estimated especially for stacked structures [23] [24] [25] . Phenol is one of the simplest aromatic systems and it can directly interact with each other through π-π stacking to form dimer, trimer, etc. as similar to water molecules. It is very complicated to calculate the π-π stacking interaction more precisely for the sterically hindered phenols and other phenolic systems with bulky groups [26] . In this current research comprehensive computational investigations have been carried out for determining the actual π-π stacking interactions of different stacked dimers of phenolic systems such as phenol-phenol, diphenol-diphenol and phenol-diphenol models. The π-π stacking interactions in the stacked models of phenolic dimers directly effect on the proper molecular geometry, atomic charge distribution, spin densities and intermolecular rotation or dihedral angles of the stacked models [27] [28] [29] . The stability of different eclipsed and staggered models of such stacked phenolic dimers has been investigated by using quantum mechanical methods. However, new function such as M062X based upon the density functional theory (DFT) gives an important area of computational research to investigate the non-covalent interactions. An investigation has also been carried out for determining the stacking interactions of phenol and diphenol in the different conformation with dihedral angles. It has been observed that π-π stacking interactions in aromatic systems are greatly affected by change in different molecular rotation and it also depends on the electron cloud density of the stacked model; hence the change in electron cloud density on the stacked models was also calculated. For some stacked models of phenolic sys- 
Methodology

Computational and Theoretical Method
Density functional Method (DFT) of calculation found to be very effective for studying non-bonded long range interactions in aromatic system. Nowadays, these methods have become an important tool for calculating all kinds of π-π stacking interaction. The Gaussian09 program has been widely used for DFT method to calculate the interaction energies of the molecular systems. The use of DFT is known for the applicability in medium and large molecular system. It is limited in system where dispersion part is considered as the dominant part and in that case the calculated interaction energy values are always under estimated.
On the other hand, if a reasonably larger basic set is used then these method of calculations account well for determining the interaction energies as well as the electronic correlation energy of the molecules in the gas phase. The commonly used B3LYP method fails to predict dispersion energy, therefore in such cases inclusion of dispersion energy is very difficult for a large system. All the electron correlation energies for phenol and diphenol system have been calculated by DFT level of theory. All the geometrics of the studied molecules were optimized by using M062X/6-311++G(d,p), basic sets. All single point calculation were carried out by using M062X, B3LYP with 6-311++G(d,p) basis set. But, the minimized stacked structures were obtained by M062X method which shows the most favoured geometry. All the calculations were performed with the Gaussian 09 software Package and the visualization was done by GaussView5.0 [30] . The interaction energy for the stacked geometry can directly be calculated by the following equation:
st us
Interaction energies E 2 E = − ×
Here, E st = energy of stacked model, E us = energy of unstacked model. Computational Chemistry rated at a fixed vertical separation of 3.6 Å, which is found to be the most favoured separation between two phenol rings. The −OH group of the phenol ring also plays an important role in the stability of stacking interaction in the stacked phenolic dimers. Therefore, during the construction of stacked models, −OH group of the two phenol rings may be placed either in same or opposite direction. Here, we have constructed the stacked models to study the stacking interactions of following phenolic systems:
Construction of Models
Result and Discussion
In this investigation, the π-π stacking interactions of phenolic dimers such as Phenol-Phenol, Diphenol-Diphenol and Phenol-Diphenol, have been studied for different conformations in gas phase. All the phenolic systems were optimized by using DFT method with M062X/6-311++G(d,p) basis set ( Figure 1 ). All the conformations for stacked phenolic systems were prepared with different dihedral angles such as 0˚, 60˚, 120˚ and 180˚ ( Figure 2 ). But, for phenol-diphenol and diphenol-diphenol stacked models 0˚ is equivalent to 180˚ and 60˚ is equivalent to 120˚, therefore we prepared models only for 0˚ and 60˚ dihedral angles.
Phenolic stacked models with dihedral angle 0˚ was considered as the eclipsed conformation, which was prepared by placing one phenol ring parallely over the other ring with an internal separation of 3.6 Å (Figure 3 ). On the other hand, dihedral angles 60˚, 120˚ and 180˚, were considered as staggered conformation.
During the construction of stacked phenol-phenol model, one phenol ring has been horizontally shifting along X, Y or Z-axis (from positive to negative end), keeping the other ring at constant position. This process was carried out to get the most favored minimized stacked model with minimum repulsion as well as the highly repulsive stacked model. In this case, the horizontal shifting for the stacked model was investigated along X-axis from −3 to +3 Å. Similarly, all the staggered conformations for the stacked models of phenol-phenol stacking systems were also prepared with dihedral angles 60˚, 120˚ and 180˚ respectively. M062X/6-311++G(d,p) basis set, but M062X is more reliable to calculate stacking interaction energy values as it gives more negative values. During the construction of stacked phenol-phenol model, one phenol ring has been horizontally shifting along X, Y or Z-axis (from positive to negative end), keeping the other ring at constant position. This process was carried out to get the most favored minimized stacked model with minimum repulsion as well as the highly repulsive stacked model. In this case, the horizontal shifting for the stacked model was investigated along X-axis from −3 to +3 Å. Similarly, all the staggered conformations for the stacked models of phenol-phenol stacking systems were also prepared with dihedral angles 60˚, 120˚ and 180˚ respectively. Same procedure was carried out to construct the stacked models for Diphenol-Diphenol and Phenol-Diphenol stacking. We have carried out all computation calculations by DFT method using B3LPY/6-311++G(d,p) and M062X/6-311++G(d,p) basis set, but M062X is more reliable to calculate stacking interaction energy values as it gives more negative values. The direction of −OH group of the phenolic ring in a stacked model always makes a significant impact on the overall stability of any stacked phenolic system. The −OH groups of a phenolic stacked model, with two phenolic rings may be either facing in same direction or opposite direction as shown in Figure 4 . To investigate the accurate and effective stacking interaction in phenolic dimers, we have also carefully investigated the direction of −OH group of the two phenolic ring within a staked model. The change in direction of −OH group of a phenol ring in a stacked phenolic dimer also observes in stacking interaction energies, phenol-phenol stacking interaction becomes more favoured when −OH group of two phenol rings are facing opposite to each other.
The relative changes for the π-π stacking interaction energies in gas phase, with M062X methods for different stacked phenolic systems are shown in Table   1 (Table 1) . Moreover, we also carried out the same procedure, where the −OH groups of the stacked phenol rings facing opposite to one another for all the stacked models, then the eclipsed stacked conformers with dihedral angle 0˚ gets effectively stabilized than other conformations ( Figure 9) . Here, the sequence of stability of stacked models are found as 60˚ < 120˚ < 180˚ < 0˚. The interaction energy of minimized stacked model was computed as −4.7468 kcal/mol at a horizontal shifting of −1.5 Å (Table 1) . 
Conclusion
From the above investigations, it has been observed that the phenolic systems are well stacked within themselves. But, the intermolecular rotation and direction of −OH groups of the phenolic systems play an important role in the stability of the stacked models. We can conclude that when the −OH groups of the stacked models are facing same direction then 180˚ or 60˚ conformations gets more stabilized. Whereas, when the −OH groups are facing opposite to one another then the eclipsed conformation with 0˚ dihedral angle gives more stable stacked model.
